Lysyl oxidase (LOX) family genes, particularly lysyl oxidase-like protein 2 (LOXL2), have been implicated in carcinogenesis, metastasis, and the epithelial-to-mesenchymal transition (EMT) in various cancers. This study aimed to explore the clinical implications of LOXL2 expression in pancreatic cancer (PC) in the context of EMT status. LOX family mRNA expression was measured in PC cell lines, and LOXL2 protein levels were examined in surgical specimens resected from 170 patients with PC. Higher LOXL2 expression was observed in cell lines from mesenchymal type PC than in those from epithelial type PC. A significant correlation between LOXL2 expression and the EMT status defined based on the expression of E-cadherin and vimentin was observed in surgical specimens (P < 0.01). The disease-free survival and overall survival rates among patients with low LOXL2 expression were significantly better than those among patients with high LOXL2 expression (P < 0.001). According to the multivariate analysis, high LOXL2 expression (P = 0.03) was a significant independent prognostic factor for patients with PC. Additionally, LOX inhibition significantly decreased PC cell proliferation, migration, and invasion in vitro. In conclusion, LOXL2 expression is potentially associated with PC progression, and LOXL2 expression represents a biomarker for predicting the prognosis of patients with PC who have undergone complete resection.
Immunohistochemistry. An anti-LOXL2 antibody (Abcam, Cambridge, UK) was used to detect the LOXL2 protein. Firstly, we deparaffinized the tissue sections, next we blocked endogenous peroxidase activity, and then heated them in Target Retrieval Solution (Agilent, Santa Clara, CA) in an autoclave for 20 minutes at 105 °C. After being cooled down, specimens were incubated with a rabbit monoclonal antibody against LOXL2 (diluted 1:250 in antibody diluent, Dako, Carpinteria, CA) for 15 minutes at room temperature. AS a horseradish peroxidase (ab202536, Dako, Carpinteria, CA) was directly labeled to the LOXL2 antibody, a secondary antibody was not required in the process. The resulting antigen-antibody complexes were visualized by exposing the samples to liquid 3,3′-diaminobenzidine (Nichirei, Tokyo, Japan) for 5 minutes. Specimens were counterstained with Mayer's hematoxylin. EMT status of clinical PC specimen was classified according to our previous study 3 . Both EMT status and LOXL2 expression grade were determined by immunostaining. With the five different regions of microscopic view on each PC section, the cancer tissue was categorized from grade 1 through 3, as follows: grade 1, 0 to 25% staining; grade 2, 26% to 50% staining; and grade 3, more than 50% staining. The EMT status of each cancer was determined as follows: vimentin grade/E-cadherin grade < 1 was epithelial; vimentin grade/E-cadherin grade = 1 was intermediate; and vimentin/E-cadherin > 1 was mesenchymal. We then graded LOXL2 expression in each tissue section using a scale that combined the staining range and staining concentration grades ( Supplementary Table S2 ). We defined 3 points for grade 3, 2 points for grade 2 and 2 points for grade 2, 1 point for grade 1, and calculated the sum of staining range and staining concentration scores. Combined staining range and staining concentration grades <4 considered as low LOXL2 expression, and ≥4 considered as high LOXL2 expression 14 .
Cell proliferation, migration, and invasion assays. β-aminopropionitrile (BAPN) is an irreversible inhibitor of LOX activity 15 . As shown in the study by Yang et al., BAPN significantly decreases the invasive potential and the migration capacity of several cancer cells in vitro 16 . We performed the WST-1 cell proliferation assay (TaKaRa-Bio, Tokyo, Japan), according to the manufacturer's instructions, to evaluate the effects of LOX inhibition by BAPN (Sigma, St. Louis, MO) on cell proliferation. Cell proliferation of the MiaPaCa-2 and Panc1 cell lines were evaluated using Cell Proliferation Reagent WST-1 (Dojindo Molecular Technologies, Inc., Kumamoto, Japan). Briefly, 1 × 10 3 cells in 100 μl of culture medium were seeded in a 96-well plate and treated with the SCIeNTIfIC RePoRTS | (2018) 8:9846 | DOI:10.1038/s41598-018-28253-9
following concentrations of BAPN: 0, 0.2, 1 and 2 mM. After incubations for 0, 24, 48, 72 or 96 hours, 10 μl of WST-1 solution were added to each well, and the plates were incubated for 30 minutes at 37 °C. The absorbance was measured at 440 and 630 nm using a microplate reader. Each experiment was performed in three wells and was repeated independently at least three times.
Cell migration was evaluated using the wound healing assay, as previously described. Briefly, 5 × 10 5 cells in 70 μl of culture medium were seeded in a 35-mm culture insert μ-Dish (Ibidi culture insert 35-mm dish, 81176, Germany). After 24 hours, the medium was removed, and medium containing 2 mM BAPN or a vehicle control was added to the insert. The migration of Panc-1 and MiaPaCa-2 cells into the wound area was observed after 24 and 48 hours, respectively. We assessed cell migration by measuring the area of the wound every 4 hours (×100 magnification).
The ability of PC cells to invade Matrigel was determined using BioCoat Matrigel invasion chambers (BD Biosciences, Bedford, MA), according to the manufacturer's protocol. The assay chamber filters were hydrated and then incubated for 2 hours at 37 °C. A total of 0.75 mL of medium containing 5% FBS was subsequently added to the bottom chamber, and 2.5 × 10 4 cells in 0.5 mL of serum-free DMEM (Sigma-Aldrich, St. Louis, MO) were added the upper chamber in each well. The chamber was incubated at 37 °C for 48 hours, during which time the cells in the upper chamber invaded the lower chamber. Cells were then fixed with 4% polysorbate and dyed with Giemsa stain. A microscope (×200 magnification) was used to count cells in eight randomly selected fields.
Statistical analysis. The Mann-Whitney U test or Fisher's exact test was used to determine the significance of differences between two groups, and a χ 2 test was used to analyze the significance of associations between LOXL2 protein levels and patients' clinicopathological parameters. The survival analysis was performed using the Kaplan-Meier method, and differences in the survival curves were evaluated using the log-rank test. All statistical analyses were performed using JMP 13 software (SAS Institute Inc., Cary, NC, USA). P values < 0.05 were considered statistically significant in all tests.
Results

LOX family gene expression in PC cell lines and a publicly available dataset.
Firstly, levels of the E-cadherin and Vimentin (EMT markers) mRNAs were examined in 15 different PC cell lines using qRT-PCR. Each cell line was categorized as the epithelial or mesenchymal type according to E-cadherin and Vimentin expression using previously reported methods 3 . According to qRT-PCR for LOX family genes, only the association between LOXL2 expression and EMT status was seen in studied PC cell lines (Supplementary Figure S1A ) and the expression of other LOX family genes was not associated with the EMT status of PC cell lines (Supplementary Figure S1B -E).
Secondly, we confirmed the impact of LOXL2 expression on PC prognosis using TCGA datasets. Based on the normalized RNA-sequencing data, PC cases were divided into two groups according to the LOXL2 mRNA expression levels in PC tissues (low, <median value; high, ≥median value). As a result, both the RFS and OS of the PC cases with high LOXL2 expression were significantly worse than PC cases with low expression ( Fig. 1 ). In addition, we performed the in silico analysis with TCGA datasets to reveal the association between other LOX family genes and prognosis of PC patients (Supplementary Figure S2 ). This analysis revealed that LOXL2 was the only gene among LOX family genes that was able to stratify both the PC patients' RFS and OS and we decided to employ LOXL2 for the further analyses and the experiments. Correlations between LOXL2 expression and clinicopathological factors in patients with resected PC. We performed immunohistochemical staining for LOXL2 in surgically resected PC tissues from 170 patients to evaluate the level of the LOXL2 protein. Patients' demographic data are shown in Table 1 .
Most of the patients enrolled in this study were male (102/170), had cancer in the head of the pancreas (129/170), and suffered from stage IIB cancer (88/170). The LOXL2 protein was localized in the cytoplasm of PC cells and stromal cells (Fig. 2 ). Most patients with PC displayed high levels of the LOXL2 protein and exhibited total expression grades of 4 or higher (124/170). Table 2 shows the correlations between patients' clinicopathological features and LOXL2 expression levels. High LOXL2 expression was significantly correlated with an older age (≥65 years) (P < 0.01), portal vein invasion (P = 0.02), peritoneal metastasis (P = 0.04), and mesenchymal marker expression (P < 0.01).
Survival analysis stratified by LOXL2 expression. Survival curves stratified by LOXL2 expression in
clinically collected specimens revealed a significantly worse disease-free survival (DFS) of patients with high LOXL2 expression than in patients with low LOXL2 expression (median survival time [MST], 27.6 months; 95% Cl, 5.6-36.5 months vs. 10.6 months,; 95% Cl, 3.1-51.3 months, P = 0.0003, Fig. 3A) . Similarly, the OS of patients with high LOXL2 expression was significantly worse than that of patients with low LOXL2 expression (MST = 40.2 months; 95% Cl, 15.8-73.4 months vs. 16.9 months; 95% Cl, 6.4-57.1 months, P < 0.0001, Fig. 3B ).
According to the univariate analysis of DFS, the tumor location (head), tumor size (≥20 mm), mesenchymal EMT status, and high LOXL2 expression were significant prognostic factors for PC. The multivariate analysis using the Cox proportional hazard model indicated that tumor size (≥20 mm), mesenchymal EMT status Both DFS and OS of cases with high LOXL2 expression were significantly worse than the cases with low LOXL2 according to the log-rank test.
and high LOXL2 expression were independent predictive factors for DFS in patients with PC (Table 3 ). On the other hand, the univariate analysis of OS revealed that an older age (≥65 years), gender (male), tumor location (head), tumor size (≥20 mm), portal vein invasion, perineural invasion, UICC stage, mesenchymal EMT status, and high LOXL2 expression were significant prognostic factors for PC. Based on the results of the multivariate analysis, older age (≥65 years), gender (male), tumor location (head), portal vein invasion, perineural invasion, UICC stage, mesenchymal EMT status and high LOXL2 expression were independent predictive factors for OS in patients with PC (Table 4 ). Thus, LOXL2 represents a robust biomarker for predicting the prognosis of patients with PC who underwent surgery.
The effect of BAPN-mediated LOXL2 inhibition on PC cells.
We evaluated the proliferation, migration and invasion of MiaPaCa2 and Panc1 cells, which exhibited high LOXL2 expression levels, after exposing the cells to BAPN to analyze the effects of BAPN-mediated LOXL2 inhibition. The inhibition of LOXL2 expression significantly decreased MiaPaCa2 cell proliferation (P < 0.01, Fig. 4A ). BAPN significantly decreased the migration of MiaPaCa2 cells in the wound healing assay (P < 0.01, Fig. 4B ). Moreover, BAPN significantly decreased the number of invading MiaPaCa2 cells in the invasion assay (P < 0.01), indicating that BAPN significantly decreased the invasion ability of MiaPaCa2 cells (Fig. 4C ). Based on these findings, BAPN potentially modulates LOX activity and might be used as a therapeutic tool to prevent PC invasion in further studies.
Discussion
As reported in our previous studies, the EMT is an important intracellular biological process that plays critical roles in various cancers, including PC 3,11,17-19 . LOXL2 also reportedly interacts with SNAIL to induce the EMT, regulates FAK/Src activity and interacts with intracellular adhesion molecules, such as integrins 20 . In the present study, LOXL2 expression was significantly associated with the EMT status not only in vitro but also in PC tissues derived from the surgically resected specimens. Additionally, according to the survival analysis, the prognoses of patients with high LOXL2 expression were significantly worse than patients with low LOXL2 expression. Thus, LOXL2 expression represents a useful predictive biomarker for patients with PC, and LOXL2 is a putative therapeutic target for treating PC.
Although increased LOXL2 expression is reported to be associated with malignant aggressiveness in various cancer cells 9, 21, 22 , a very limited number of studies have examined LOXL2 expression in PC 23 . In general, clinical PC tissues tend to display enhanced LOXL2 staining in both cancer cells and the surrounding stroma. As shown in the study by Kasashima et al., LOXL2 secretion by fibroblasts surrounding cancer cells accelerates the invasiveness of gastric cancer cells 24 . Thus, PC invasion and metastasis are promoted not only intracellularly by the EMT but also extracellularly by desmoplastic stromal dysfunction, a phenomenon that may critically impair drug delivery 25 . Therefore, we hypothesized that LOXL2 inhibition may improve the survival of patients with PC by reducing cancer cell viability and increasing cellular sensitivity to chemotherapy.
Though several previous studies have used BAPN to inhibit LOXL2 both in vitro and in vivo 20,26-28 , we evaluated BAPN characteristics in the context of EMT status of PC cell lines. BAPN reduced the proliferation, migration and invasion of MiaPaCa-2 cells, but not Panc1 cells. MiaPaCa-2 cells do not express E-cadherin; however, they express high levels of SNAI1, a phenomenon that is correlated with highly aggressive growth and an undifferentiated state 12 . In contrast, Panc1 cells express E-cadherin and SNAI1 and are thus moderately invasive and display an epithelial growth pattern and differentiation 29 . Thus, BAPN does not appear to be effective against all PC cell lines; however, this LOXL2-targeting agent represents a potentially novel treatment option for some types of PC.
Although our study is the first to show that LOXL2 represents a putative biomarker for predicting PC prognosis and therapeutic target, some inherent limitations should be noted. Firstly, we did not compare BAPN with another known LOXL2 inhibitor, AB0023 30 , in a side-by-side experiment. Therefore, we did not clearly determine which of the two inibitors is more effective as therapeutic agent for PC. Because other members of the LOX family contribute to establishment of malignanct potential in cancer 27 , we hypothesized that BAPN, which suppresses the entire LOX family, would more effectively inhibit the unfavorable effects of LOXL2 and exclusively explored this agent. Secondly, as mentioned above, BAPN was unable to suppress Panc1 cell proliferation, migration and invasion in vitro. Therefore, the effects of BAPN on the expression of additional biomarkers must be analyzed to determine whether the agent is a useful therapeutic drug.
In conclusion, in the context of the EMT, LOXL2 expression is a putative biomarker for predicting the prognosis of patients with PC after complete resection and might be a therapeutic target for PC treatment. These findings might provide a substantial benefit to patients with PC, with further studies planned in the future.
